INTRODUCTION
The family Geminiviridae consists of viruses with circular, single-stranded (ss) DNA genomes that are transmitted from plant-to-plant by arthropod vectors. Taxonomically the family is divided into four genera based on host range, genome arrangement and insect vector (Stanley et al., 2005) . The virus members of the genus Begomovirus are the most economically destructive and geographically the most widespread viruses, occurring throughout all the warmer parts of the world. Begomoviruses are transmitted exclusively by the whitefly Bemisia tabaci and have genomes consisting of either one or two ssDNA circles of 2.8 kb. The two components making up the genomes of bipartite begomoviruses are known as DNA-A and DNA-B. So far only bipartite begomoviruses have been shown to be native to the New World, although a monopartite Old World (OW) begomovirus has been inadvertently introduced there recently (Polston et al., 1999) . In the OW monopartite begomoviruses outnumber bipartite viruses and the vast majority of these monopartite viruses associate with DNA satellites that are symptom determining (Briddon & Stanley, 2006; Nawaz-ul-Rehman et al., 2009 ).
The legume-infecting begomoviruses from the OW are amongst the most unusual of the begomoviruses. They are distinct from the numerous legume-infecting begomoviruses that occur in the Americas and in phylogenetic analyses they segregate basal to the OW begomoviruses (Padidam et al., 1995; Fauquet et al., 2008) . Qazi et al. (2007b) have suggested that the distinction between legume-infecting and other OW begomoviruses has arisen due to genetic isolation, there being either a host range barrier or lack of movement of whitefly vectors between legumes and non-leguminous plants preventing genetic exchange between these two groups of viruses.
The bipartite begomoviruses mungbean yellow mosaic India virus (MYMIV; Mandal et al., 1997) , mungbean yellow mosaic virus (MYMV; Morinaga et al., 1993) , Dolichos yellow mosaic virus (DoYMV; Maruthi et al., 2006) and horsegram yellow mosaic virus (HgYMV) occur throughout southern Asia. They cause distinctive yellow mosaic symptoms in, as well as extensive losses to, grain legume production and have been collectively referred to as legume yellow mosaic viruses (LYMVs; Qazi et al., 2007b) . Despite the losses caused by LYMVs to grain legume production, and their evolutionary significance, little attention has been paid to the genetic diversity of begomoviruses infecting legume crops. In particular, no efforts have been made to identify begomoviruses that may occur in leguminous weeds, which could in the future affect commercial legume production as well as provide information on the origins of these viruses. Previous analyses of begomoviruses have assessed only single isolates and have, in many cases, only produced partial sequences. In Pakistan, for instance, only incomplete sequences (the DNA-A components of isolates of MYMV and MYMIV) have been deposited in the databases. Thus, it is unclear which viruses are causing losses to grain legume crops in this country. A recent analysis identified a novel species, Rhynchosia yellow mosaic virus (RhYMV) affecting the weed Rhynchosia minima, but this remains the only complete sequence of a legume-infecting begomovirus originating from the country (Ilyas et al., 2009) .
To overcome this gap in our knowledge, a comprehensive screening of begomoviruses infecting legumes across Pakistan was initiated. This study showed that, although several distinct species of LYMVs are present in the country, only one is of agricultural importance and shows phylogeographical segregation. The significance of these findings is discussed.
RESULTS

Cloning of begomoviruses and allied components associated with legumes in Pakistan
Leaf samples from plants showing typical yellow mosaic symptoms were collected from across Pakistan (Fig. 1) . The origins of samples and year of collection are indicated in Table 1 . Using either PCR with MYMIV-specific primers or rolling circle amplification (RCA), a total of 42~2.8 kb clones and two~1.4 kb clones were obtained. These clones were sequenced in their entirety and the sequences are available in nucleotide sequence databases under the accession numbers given in Table 1 . Amplifications from DNA extracts of asymptomatic plants, collected in the vicinity of each symptomatic sample, were uniformly negative with no product produced by PCR with specific primers or high molecular mass DNA band by RCA (results not shown).
Molecular characterization of begomoviruses and allied components associated with legumes in Pakistan
Analysis of sequences for potential open reading frames (ORFs) using ORF Finder (NCBI; http://www.ncbi.nlm. nih.gov/gorf/gorf.html) showed 23 clones to have an arrangement of genes typical of monopartite (or DNA-A components of bipartite) begomoviruses originating from the OW, whereas 19 clones had an arrangement typical of the DNA-B components of bipartite begomoviruses. For each clone, the coordinates of predicted genes and coding capacities are listed in Table 1 . For a number of clones, some predicted genes contained either a premature stop codon or frame shift mutation ( Table 1) that probably represent naturally occurring mutants.
Pairwise comparisons of the potential genomic (or DNA-A) clones grouped them into four distinct species (based on the 89 % nt sequence identity demarcation threshold for species; Stanley et al., 2005) . The majority of clones had 95-100 % nt sequence identity and, when compared with the genomic sequences present in GenBank, showed high similarity (93.8-99.5 %) to sequences of MYMIV, indicating that they are isolates of this virus (Supplementary  Table S1 , available in JGV Online). The sequence of clone MI65, in contrast, showed only between 76.5 and 79.1 % that has the capacity to encode a 127 aa protein of predicted molecular mass 14.6 kDa. These features are typical of the begomovirus-associated betasatellites . The sequences of MI22 and MI23 showed 99.9 % identity with each other, and the highest levels of sequence similarity to isolates of tobacco leaf curl betasatellite (TbLCB; 92.6-93.2 %). To all other betasatellite sequences available in the databases the sequences showed less than 76 % identity, indicating that both are isolates of TbLCB. Phylogenetic analysis, based upon an alignment with the nucleotide sequences of selected, closely related betasatellites from the databases, showed MI22 and MI23 to segregate with the three other TbLCBs that are available at this time (results not shown). Both betasatellite clones isolated from soybean contain a 13 bp deletion (at coordinate 780), which distinguished them from the other three TbLCBs.
Phylogeographical analysis of MYMIV DNA-A components
A phylogenetic dendrogram of the complete DNA-A sequences of the novel begomovirus isolates, as well as other yellow mosaic disease-associated begomoviruses available in databases, is shown in Fig. 2 . All 19 isolates characterized here from leguminous crops group with MYMIV sequences from India, Nepal and Pakistan and had nucleotide sequence identities between 93.8 and 99.5 %, indicating that these are isolates of MYMIV. In the phylogenetic dendrogram, MYMIV DNA-A sequences segregated into three groups. Group I included sequences from Nepal and India, group II included sequences from India and group III included sequences from Bangladesh and India. Sequences from Pakistan were distributed between groups I and II (Fig. 2) and segregated according to geographical origin. Isolates in group I (MI2, MI7, MI9, MI12, MI13 and MI15) originated from the north and north-eastern parts of the country (Islamabad and Narowal), whereas isolates in group II (A1, A1E, A2, A4, A6, A6G, A14, A17, A20, MI18, MI72, MI75 and MI76) were distributed throughout the country (Multan, Layyah, Nawab Shah, Hyderabad, Muzaffargarh, Faisalabad, Mianwali, Islamabad and Narowal).
Phylogenetic analysis shows the DNA-A components of MYMV to segregate into two groups (Fig. 2) 
Phylogenetic analysis of DNA-B components
Phylogenetic analysis based on an alignment of the complete nucleotide sequences of DNA-B components of all LYMVs available in the databases with the DNA-B sequences determined here is shown in Fig. 3 . MYMIV isolates formed three distinct groups. Group I included sequences from Islamabad (MI20 and MI21) and Narowal (MI3, MI5, MI6, MI8 and MI10) along with sequences from India (Jabalpur and Akola). In group II, sequences from Multan (MI71 and MI77), Layyah (MI73), Nawab Shah (MI16 and MI17), Faisalabad (B3 and B4), Muzaffargarh (MI30), Mianwali (MI74) and Islamabad (B13) segregated with sequences from India (New Delhi, Srinagar and Varanasi). Group III consisted of only a single sequence originating from India. As with DNA-A sequences, DNA-B sequences from Pakistan showed geographical segregation.
Sequences in group I originated from the north and northeast, whereas sequences in group II showed a wider distribution throughout the country.
Comparisons of MYMIV sequences showed that, for the most part, DNA-A components in group I associated with DNA-B components of group I, whereas group II DNA-A components associated with group II DNA-B components. However, in a few cases, group I DNA-A sequences associated with group II DNA-B sequences. There were no instances detected of group II DNA-A sequences associating with group I DNA-B sequences. The geographical origin and their component groupings are indicated in (Fig. 3) . They represent the most westerly examples identified so far and the divergence likely results from the large geographical distances between them. Nevertheless, despite the geographical distances and time between isolation of these DNA-B components (the first LYMV identified was an MYMV isolate from Thailand that was cloned prior to 1993; Morinaga et al., 1993) their sequences remain clearly related.
DISCUSSION
The study presented here shows that MYMIV is the most prevalent pathogen responsible for yellow mosaic disease of legumes across Pakistan and is the only pathogen of M. Ilyas and others leguminous crops. Nevertheless, at least two other LYMVs were identified in the country, MYMV and the newly identified RhYMV (Ilyas et al., 2009) . The identification of a novel, previously unrecognized species indicates that the diversity of this unusual group of pathogens may be greater than we presently realize.
MYMV is an important pathogen of crops in India but does not seem to be a significant pathogen in Pakistan, having only been identified in a weed (R. capitata). The virus has previously been reported only once from Pakistan, from an experimental plot of soybean being grown in Islamabad. Reports from India indicate that wherever soybean is grown it suffers from infection by LYMVs and there has been the suggestion that soybean cultivation exacerbates LYMV problems in other legume crops (Usharani et al., 2004) . The presence of MYMV, and its potential to infect soybean, does not bode well for the prospects of soybean cultivation in Pakistan.
Phylogeographical analysis indicates that MYMIV in Pakistan segregates into two types. The A2/B2 type occurs across the country, whereas the A1/B1 type has only been identified in the north of the country. The reason for this is unclear. Pakistan is the western most country in which LYMVs have been identified. It is likely that the desert and mountainous regions between Pakistan and its western (Iran and Afghanistan) and northern (China) neighbours provide a barrier for further dissemination, at least so far; begomoviruses are exclusively vector transmitted and the vector, B. tabaci, does not survive well in either dry or high altitude (with cold nights and winters) regions. Intensive agriculture is a relatively new phenomenon in southern Asia (within the last 50 years) in response to population increases (Atapattu & Kodituwakku, 2009 ). Problems associated with LYMVs are thus a relatively recent phenomenon; certainly MYMV was first reported as recently as 1993 (Morinaga et al., 1993) . Whether LYMVs were present in Pakistan at this time is unknown. However, the distribution of MYMIV types is consistent with a spread into Pakistan from India. During the summer months, the period when LYMVs are a problem in crops, there is a constant wind, known as Deccan, that blows from the south-west to the north-east across Pakistan. Since LYMVs are only vector transmitted, any virus introduced would spread northwards very quickly but less quickly southwards. It seems likely that the A2/B2 type, which occurs across the country, may have been introduced in the south and have spread across the country from there. The more limited distribution of the A1/B1 type can possibly be explained by having immigrated into Pakistan from India further north, where the summer winds restrict the southward spread. Unfortunately the limited number of sequences available from India, particularly from states adjoining Pakistan, means that the evidence supporting this hypothesis is limited. Nevertheless, available evidence supports this hypothesis for the present distribution of MYMIV in Pakistan. One further factor that may play a part is that the area surrounding the border between Pakistan and India is 'cotton country'. In the summer months the predominant crop is cotton. Thus, really only in the far south and the far north are there any other crops, including legumes, grown in any abundance during the period when the virus is mobile, due to the vector being active and present in appreciable numbers. This provides two corridors through which MYMIV could be introduced from India into Pakistan.
A more detailed analysis of the DNA-A and DNA-B sequences identified a slightly higher number of changes at the N-terminal end of the gene encoding the replicationassociated protein gene and the intergenic region for the DNA-A components of group II isolates, which might contribute to their segregation as a separate clade. However, overall sequence changes were randomly distributed throughout the length of both components and the molecular basis for the phylogenetic groupings thus remains uncertain.
There have been no previous reports of betasatellites adapted to legumes. Betasatellites have been shown (experimentally) only to associate with monopartite viruses Chattopadhyay et al., 2008) , although there is one begomovirus reported which can be either bipartite or monopartite/betasatellite-associated (Blawid et al., 2008) . Nevertheless, here TbLCB was identified in Legume yellow mosaic viruses in Pakistan one soybean and an earlier study identified cotton leaf curl Multan betasatellite (CLCuMB) in cowpea (Rouhibakhsh & Malathi, 2005) . The yellow mosaic symptoms exhibited by the plants from which betasatellites were isolated indicate that a LYMV is the major symptom determinant in each case. However, in both cases the symptoms suggested that the betasatellite was possibly responsible for enhancing symptoms. In the case of cowpea the plant exhibited enations which are typical of CLCuMB (Rouhibakhsh & Malathi, 2005; Qazi et al., 2007a) . The plant identified in the present study exhibited some leaf crumpling which is not typical of MYMIV infection and may thus be due to TbLCB. Both these betasatellites have been identified previously and are, as far as has been determined, adapted to species that are members of the family Malvaceae (CLCuMB is responsible, in conjunction with several distinct monopartite begomoviruses, for cotton leaf curl disease across Pakistan and northern India, the major biotic constraint to cotton production; Mansoor et al., 2003; Briddon, 2003) and to plants in the families Solanaceae and Euphorbiaceae (TbLCB has previously been identified only in tobacco and the euphorb Pedilanthus tithymaloides originating from Pakistan; Briddon et al., 2003; Tahir et al., 2009) , respectively. In view of the problems that begomovirusbetasatellite complexes cause in non-leguminous crops (Mansoor et al., 2006) , identification of betasatellites in legumes is of grave concern.
As well as LYMVs, the study identified two viruses (PedLCV and PaLCuV) that were not expected to infect legumes having not previously been identified in legumes and having host ranges, as far as known, limited to plants in the families Solanaceae, Malvaceae and Caricaceae. There have been previous reports of apparently non-legume infecting begomoviruses isolated from legume crops (Chowda Reddy et al., 2005; Raj et al., 2005 Raj et al., , 2006a Raj et al., 2006b) . However, in none of these cases was the aetiology of the disease investigated using infectious clones and for each the symptoms were indicative of infection by LYMVs. It is thus far more likely that these viruses are 'passengers', maintained in legumes by one of the LYMVs; a process known as complementation. Consistent with this hypothesis Chowda Reddy et al. (2005) showed the presence of MYMIV in the isolate they characterized and we showed the presence of either MYMIV (soybean) or MYMV (R. capitata).
PedLCV was identified in all 11 soybean samples tested, whereas PaLCuV was present in one of eight R. capitata samples. Both viruses have previously been shown to interact with betasatellites; PaLCuV with the CLCuD betasatellite (CLCuMB; Mansoor et al., 2003; Briddon, 2003) and PedLCV with TbLCB (Tahir et al., 2009) , which was also identified in all soybean plants here. Whether the difference in the presence of the betasatellite and virus in each case indicates that the satellite plays a role in the maintenance of the viruses in legumes will need to be established experimentally. Nevertheless, these findings show that legumes can be alternate hosts, and possibly reservoirs, of non-leguminous begomoviruses. The presence of non-leguminous begomoviruses in legumes means that there is scope for recombination and more severe variants arising. It appears that the genetic isolation of the LYMVs is being breached. Whether the lack of evidence for recombination between leguminous and non-leguminous begomoviruses indicates that this has not yet occurred, or has not yet been identified (possibly due to the low number of isolates examined) or recombinant viruses are less fit due to constraints imposed by legumes, is unclear. Whatever the case, the appearance of these viruses and betasatellites in legumes is a cause for concern and further studies should be initiated to monitor the situation so as to give early warning of changes in virus populations that could affect crop production. The study presented here has set a base-line for identifying any possible future changes that occur in Pakistan. (Table 1) . Total nucleic acids were extracted from leaf samples by the method described by Porebski & Bailey (1997) .
METHODS
Viral DNA amplification, cloning and sequencing. Initially, PCR with primers specific for the amplification of DNA-A (DNA-A forward 59-GTAAAGCTTACATCCTCCACCAAGTGG-39 and DNA-A reverse 59-TGTAAGCTTTACGCATAATGCTCAATAC-39) and DNA-B (DNA-B forward 59-CCAGGATCCAATGATGCCTCTGG-CA-39 and DNA-B reverse 59-ATTGGATCCTGGAGATTCAATAT-CTC-39) were used to amplify the components of MYMIV. These primers were designed around conserved sequences identified in alignments of MYMIV component sequences available in the databases. PCR products of~2.8 kb were cloned into the pTZ57R/ T vector (Fermentas). Subsequently, RCA using w29 DNA polymerase (Fermentas) was employed as described previously (Nahid et al., 2008) . Concatameric RCA products were digested with restriction endonucleases to yield presumed monomeric virus (or virusassociated) components of either~2.8 or~1.4 kb. These were cloned into the pBluescript II KS/SK (+) vector (Stratagene). Putative fulllength clones were purified using a GeneJET plasmid miniprep kit (Fermentas) and their sequences were determined commercially (Macrogen).
Sequence analysis. Sequences were assembled using SeqMan, part of the Lasergene package of sequence analysis software (DNASTAR). Sequence similarity searches were performed by comparing the sequence to other begomovirus sequences in GenBank using BLAST. Multiple sequence alignments were performed using CLUSTAL_X (Thompson et al., 1997) . Phylogenetic trees were constructed using the neighbour-joining algorithm of CLUSTAL_X and displayed, manipulated and printed using TreeView (Page, 1996) .
